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Introduction
The minimum lateral image resolution that can be achieved with conventional optical microscopes is ~200 nm. These microscopes are often used in biomedical imaging applications because the dimensions of most cells are larger than this resolution limit. Frequently, a microscope condenser must be attached to the optical microscope in order to achieve such a resolution [1] [2] [3] . Microscope condensers enhance the resolution of the image by illuminating the sample with a cone of light [3] . A well-known consequence of this approach is that the minimum observable period with the microscope decreases from p min ~λ/NA o for a microscope without a condenser [4] [5] [6] to the well-known Rayleigh resolution limit of diffraction-limited imaging instruments p min ~λ/(2NA o ) [1] [2] [3] [4] [5] [6] [7] when a condenser is used [1] [2] [3] 7] . Here, λ corresponds to the wavelength of the illumination source in vacuum, and NA o is the numerical aperture of the microscope objective lens. Traditional microscope condensers consist of a combination of bulky lenses (or mirrors) and diaphragms designed to illuminate the sample with a cone of inclined light [3] . However, due to the demonstrated utility of microscope condensers, alternative methods to produce highly inclined illumination have been proposed to overcome some of the limitations of traditional microscope condensers. Recently developed plasmonic ultrathin condensers (UTC), with a volume three orders of magnitude smaller than bulky condensers [8] [9] [10] [11] [12] [13] , have a great potential for biomedical applications where a compact high-resolution imaging systems are needed [12] . Deep sub-wavelength resolution has been recently demonstrated using hemispherical [7] and planar [14] [15] [16] digital condensers with no lenses, mirrors or moving parts. Digital condensers illuminate the sample from multiple directions with inclined light produced by an array of light emitting diodes (LEDs). It has been demonstrated that a very flexible microscope condenser can be implemented using a planar array of LEDs, where each LED can be independently switched ON and OFF [14] [15] [16] . Such an electronically controlled condenser permits a smooth switch from bright field to dark field microscopy without having to mechanically change the microscope condenser attached to the microscope or introducing a spatial filter in the back focal plane of the objective lens [14] . Moreover, electronically controlled microscope condensers permit to implement novel microscopy techniques providing resolution values well below the Rayleigh resolution limit of diffraction-limited imaging instruments [14] [15] [16] . Such condensers will find multiple applications in digital pathology, hematology, immunohistochemestry, and neuroanatomy [15] . However, a planar array of LEDs does not have the best geometry for implementing a microscope condenser because the distance of each LED to the sample is not constant [16] . Recently, hemispherical digital condensers (HDC) have been demonstrated [7] but without the capability to independently control each LED [16] . We anticipate that a computer-controlled HDC with this these characteristics will find multiple applications in FPM [16] and in other optical imaging techniques where controlled illumination from multiple directions is needed [17, 18] . For instance, a multi-angle lensfree holographic imaging platform was demonstrated using three LEDs illuminating micro-particles on a chip from one vertical and two oblique angles [18] . In this work we report for the first time the development of a HDC where the ON/OFF state of each LED can be computer controlled [19] . We verified the condenser characteristics by imaging fabricated periodic structures and biological samples. The versatility of planar digital condensers have been previously demonstrated [14, 20, 21] . We demonstrate here that a single computer-controlled HDC can also be used to implement a variety of both well established and novel optical microscopy techniques. Moreover, we propose an alternative method for the numerical reconstruction of the synthetic FP image [22, 23] often calculated in Fourier Ptychographic Microscopy (FPM) techniques [15] . This paper is organized as follows: In Section 2 we describe the experimental set-up and the samples used and the microscope arrangement used for imaging. Section 3 presents and discusses the results obtained from samples that have fabricated structures. In Section 4, the biological imaging capabilities of the HDCs are shown. Finally, the conclusions of this work are given in Section 5. Figure 1(a) illustrates the experimental set up used in our experiments. We used a Nikon Eclipse Ti inverted microscope, objective lenses with different numerical apertures (NA o ) and magnifications, and two charge-coupled device (CCD) cameras for obtaining the Real Plane (RP) and Fourier Plane (FP) images of the object under observation. Band-pass spectral filters (BPF) centered at different wavelengths with a bandwidth of 10 nm may be inserted in the back focal plane (BFP) of the microscope objective lens. In all experiments described here the microscope's built-in white-light illumination source was substituted by the HDC, photograph of which is shown in Fig. 1(b) . Each one of the 64 LEDs in the HDC with a hemisphere radius of 1.5 cm can be independently turned ON/OFF. A dedicate software was developed to control the individual LEDs of the HDC. The electronic hardware includes a 24-channel digital input/output device, two 8-channels source drivers, and a power supply [19] . This is shown in Figs. 1(b) and 1(c) where four different groups of LEDs were turned ON. As it is shown in Fig. 1(a) , the HDC was placed directly on the top of the sample. The HDC was centered on the area of interest of the sample to be imaged and this was verified by taking the corresponding FP image. The emission spectrum of the white LEDs used in our experiments is shown in Fig. 1(d) . The peak emission occurs at λ~450 nm, a weaker but broader secondary emission peak occur at λ~570 nm. We fabricated periodic Cr pillars structures with square lattice symmetry, period p, and pillar diameter d = p/2, to obtain a quantitative evaluation of the resolution of the obtained RP images. In addition, living biological samples were also imaged. The Cr square lattice structures were fabricated by first spin coating a layer of PMMA, which serve as the patterning resist for e-beam lithography, which was defined over a 150 μm thick coverslip. A ~10 nm thick Al layer was thermally evaporated on top of the PMMA layer to provide a grounding element for the lithography process. After the lithography step, hydrofluoric acid (HF) was used to etch away the Al layer, and a methylisobutyl-ketone: isopropanol solution was used to develop the PMMA thereby revealing holes in the PMMA layer arranged in a square lattice pattern. A 15 nm thick Cr layer was then deposited on top of the PMMA layer which filled in the holes in the square lattice arrangement previously revealed. Finally, the sample was dipped in acetone to dissolve the PMMA layer thereby leaving only a periodic structure forming by Cr pillars which had adhered to the glass substrate ( Fig. 2(b) ). The central bright ring observed in the FP image shown in Fig. 2(a) is the signature of the presence of a microscope condenser [8] [9] [10] [11] [12] [13] . The four portions of rings in the FP shown in Fig. 2(a) correspond to the first-order diffraction rings produced by illuminating the Cr array with square symmetry with the light produced by the HDC [8] [9] [10] [11] [12] [13] . The clear observation of the Cr array lattice in the RP image shown in Fig. 2(b) is in excellent correspondence with the observation of the zero-order and portions of the first-order diffraction rings in the FP image [9] . From the FP image we determined NA c~0 .55 for the numerical aperture of the condenser [10] . As it is shown in Fig. 3 the NA c can be simply varied by turning ON the LEDs in different latitudes of the HDC. Fig. 3(b) . There is an excellent agreement with this observation and the Abbe description of image formation in a microscope. Using a condenser [7, 9] the lattice structure of the sample is observed in the corresponding RP image shown in Figs. 3(c) but it is not observed in the RP image shown in Fig. 3(a) . This is also in good correspondence with the known expression which provides the minimum observable period using a condenser attached to a common optical microscope [1 ,2, 7] :
Description of the experiments

Experimental results and discussion
Using the experimental conditions described above we determined p min = 308 nm and 260 nm using Eq. (1) for NA c = 0.55 and 0.89, respectively; therefore, as it is confirmed by the images shown in Figs. 3(a) and 3(c) , Eq. (1) predicts that the fabricated structure with p = 300 nm should be visible when NA c = 0.89 but not when NA c = 0.55. As it is shown in the Figs. 3(e) to 3(h), the reconfigurable capability of changing NA c in the HDC, also permits a smooth transition from obtaining bright-field to dark-field images of the object under observation. The images shown in Figs. 3(e) to 3(h) correspond to a Ronchi ruling with a period p = 10 μm. They were obtained using the HDC, without a spectral filter, and a microscope a 40X objective lens with NA o = 0.65. The presence of a fraction the zero-order diffraction ring with NA c ~0.55 in the FP image shown in Fig. 3(f) demonstrates that the RP image shown in Fig.  3(e) is a bright-field image of a commercial Ronchi ruling target. The RP image shown in Fig.  3(g) is a dark-field image of the same object which was obtained by changing NA c from 0.55 to 0.89. Consequently, as it is shown in the FP image shown in Fig. 3(h) , only high-order diffraction rings were collected by the microscope objective lens. This resulted in the observation of more grove details in the RP image shown in Fig. 3 (g) when compared with the one shown in Fig. 3(e) . A computer-controlled HDC permits to illuminate the sample in a variety of configurations. Figure 4 shows images of a square lattice array of Cr pillars with p = 500 nm illuminated at different directions. As it has been previously reported [24] , changing the illumination direction (Figs. 4(b) and 4(d)) permits to select horizontal (or vertical) Cr pillar lines (Figs. 4(a) and 4(c)) of the photonic crystal periodic array. No band-pass filter was used to obtain the images shown in Fig. 4 . Therefore, first-order diffraction maxima corresponding to the two spectral peaks of the LEDs emission ( Fig. 1(d) [9, 13] , or using a digital condenser and the FPM technique [15] . FPM requires acquisition of multiple RP images, taken with a different individual LED in the ON state for each RP image [15, 16] . As it is demonstrated by the images shown in Fig.  5 , the computer-controlled HDC described in this work has this capability. The images of Cr pillars array with p = 500 nm were obtained using the HDC with a single LED in the ON state, a band-pass filter centered at λ = 570 nm and a 100 × microscope objective lens with NA o = 1.3. The FP images shown in Figs. 5(e) to 5(h) display the intensity distribution in the microscope's FP. They are formed by spots distributed with the same square lattice symmetry of the Cr array patterned in the sample. This indicates that the light illuminating the sample which is emitted by a single LED can be approximately described by a plane wave [6, 15, 16] .
The brightest spot in the FP image corresponds to the zero-order diffraction spot; therefore, the spatial orientation and the phase of the incident plane wave can be in a simple way obtained from the position of the zero-order diffraction spot in the FP [6] . The FP image is basically the fraction of the Fourier transform of the periodic sample structure which is captured by the microscope objective lens; consequently, several high-order diffraction spots, arranged in square symmetry with a period Λ = 2π/p are observed in the FP images shown in Figs. 5(e) to 5(h). The number of these spots and their relative position with respect to the center of the FP image changes when the position of the single LED in the ON state changes. As it is shown in Fig. 5(i) , a synthetic FP image with a numerical aperture NA s > NA c can be constructed by the simple procedure of first shifting all the obtained FP images until the zeroorder diffraction spots occupy the center of the FP image, followed by the sum of the shifted FP images. The necessary shift is indicated in Figs. 5(e) to 5(h) by the arrows pointing to the center of the low intensity small disk located at the center of the FP field of view of the microscope objective lens. The low intensity small disk observed in the FP images shown in Figs. 5(e) to 5(h) were formed by the portion of the white-light beam emitted by the microscope built-in illumination source passing through the center circular aperture of the HDC (see HDC photograph in Fig. 1(b) ). In order to illustrate the concept, the synthetic FP image shown in Fig. 5(i) was simply obtained by adding the intensities of the shifted FP images; however, the phase of the synthetic optical disturbance [6, 22, 23] at the FP could be calculated by implementing algorithms of phase recovery like in FPM [15, 16, 25] . The starting point in FPM are multiple RP images corresponding to different illumination angles, then the synthetic optical disturbance at the FP is constructed using the numerical Fourier transform of each RP image [15, 16] . However, in the method proposed in this work the starting point is the synthetic FP image shown in Fig. 5(i) ; therefore, a different phase recovery algorithm should be used. For instance, some iterative algorithms have been reported that permit to recover the phase from the intensity distribution recorded in a FP image [26] . The important point here is that similarly to FPM [15, 16] and FPIM [9, 13] , once the adequate phase recovery algorithm is implemented, a RP image with increased resolution should be obtained because NA s > NA c . It is worth noting that this procedure may be simpler and faster than the one used in FPM. Therefore, we expect that a detailed development and implementation of the proposed algorithm of image reconstruction should permit imaging living biological structures in real time using computer-controlled HDCs.
Observation of biological samples using HDCs
In order to verify the applicability of the computer-controlled HDC for biomedical optical imaging, we obtained high quality images with improved resolution of unicellular organism using the experimental set up illustrated in Fig. 1(a) . Fig. 7(b) ) to ~0.93 (Fig. 7(e) Figure 8 shows images of a E. Coli on top of a Cr lattice with period 300nm on a coverslip obtained using the experimental set up sketched in Fig. 1(a) , band-pass filter centered at λ = 450 nm, and a 100 × microscope objective lens with NA o = 1.3.As it is shown in Fig. 8 , the sample was imaged turning ON a single LED at the time. Using the same adding shift algorithm described above ( of the information of the randomly distributed E. Coli bacteria is contained in the "cloud" around the center of the synthetic FP image. This cloud is formed by superposition of the fuzzy clouds observed around the zero-order diffraction spots in the FP images shown in Figs. 8(e) to 8(h). In the synthetic FP image, the distance between opposite first-order diffraction spots is larger than the diameter of the central cloud because, as it is seen in the RP images shown in Figs. 8(a) to 8(d) , the E. Coli size is larger than the period of the patterned Cr structure.
Conclusions
We demonstrated the first computer-controlled HDC attached to a common inverted optical microscope. High resolution images and a variety of both well established and novel optical microscopy techniques were verified with the proposed HDC using periodic patterned samples. In particular, we proposed using directly obtained FP images with the HDC, instead of calculating them from RP images, for implementing a new high-resolution microscopy technique which is a mixture of the FPM and FPIM techniques. Finally, we show that computer-controlled HDCs are well suited for biomedical imaging applications. We are currently developing an efficient phase recovery algorithm well fitted for obtaining the optical disturbance at the microscope's FP from the synthetic FP image obtained following the method proposed in this work.
